Intraoperative joint-line determination during revision TKA is difficult and no method exists to plan the position preoperatively. Two questions need to be answered: to which extent does the joint line differ from its anatomic position after revision TKA if it has only been determined intraoperatively, and can the joint line be calculated preoperatively based on the transepicondylar width. Of 22 consecutive patients with complete preoperative (before and after primary TKA) and postoperative (after revision TKA) radiograph documentation, the joint-line position was measured on plane radiographs using the medial epicondyle as a reference. On another set of 45 consecutive patients with no knee disorders other than meniscal lesions, the transepicondylar axis width (TEAW) and the perpendicular distance from the medial and lateral epicondyles to the joint line were measured twice by two independent observers on plane AP radiographs of the knee. Significant joint-line alterations were observed after primary and revision TKA, implicating that a method for preoperative planning is needed. Because a linear correlation between the TEAW and the perpendicular distance from the epicondyles to the joint-line tangent was found, the ratio is useful to calculate the true joint-line position from the TEAW before revision TKA. Level of Evidence: Level III, therapeutic study. See Guidelines for Authors for a complete description of levels of evidence.
Introduction
Alterations of the joint line in revision TKA have an impact on strength of the extensor mechanism, patellar pressure, patellar pain, and ROM [5, 6] .
No agreement exists regarding how the joint line is determined on plain radiographs. Some surgeons measure from the adductor tubercle to the joint line of the distal femur, whereas others measure from the lateral flare of the distal femur to the joint line. No consensus exists for which radiologic view should be used [3] . Some surgeons measure on the AP view using the epicondyles as a reference, whereas others use the tip of the fibular head or the lower pole of the patella to the proximal tibial surface on a lateral radiographic view. Alternatively, the contralateral knee, if it is not replaced, can be used to assess the joint-line position of the index knee. As a result of the variety of methods, measurement of the anatomic joint line and its appropriate restoration in revision TKA becomes difficult to reproduce.
Intraoperatively, two basic methods exist for proper restoration of the joint line: the flexion-extension gap-balancing technique, which first addresses the flexion gap, and the medial epicondylar referencing technique, which first addresses the extension gap. Griffin et al. [2] suggested using a ratio of the transepicondylar width to locate, intraoperatively, the position of the implant height in the coronal plane. His measurements are based on MRI findings and therefore are not applicable for revision cases.
The aim of the first part of our study was to prove the hypothesis that in revision TKA, the joint line frequently is malpositioned compared with the original prearthroplasty anatomy, and that the radiograph from the primary TKA is not useful because it also may not reflect the true anatomic position before primary TKA. With this hypothesis in mind, we wanted to assess whether a routinely useful standardized method to reproducibly determine the joint line on radiographs before revision TKA could be developed. The third aim was to determine if this method needs to be modified to address a gender-specific correlation between the TEAW and the distance from the medial and lateral epicondyles to the joint line.
Materials and Methods
Complete preoperative (before and after primary TKA) and postoperative (after revision TKA) radiographs of 22 consecutive patients who underwent revision TKA between December 1996 and May 2002 for failed primary TKA were included in the study. All patients had revision TKA using revision instrumentation that addresses stability in flexion first followed by adaptation of the extension gap. A posterior-stabilized revision system was used that allowed for joint-line adjustment by adding augments on the distal and posterior condyles.
The joint line was defined as a tangent composed of a straight line connecting the most distal points of the medial and lateral femoral condyles of the intact and replaced knee in extension on plane AP radiographs. In all cases, the perpendicular distance from the medial epicondyles to the described joint-line tangent was measured manually on the radiographs with an ordinary ruler. Because the dimension of the prosthesis is known from the manufacturer and the size of the prosthesis was denoted in the medical records, we were able to calculate the magnification for each radiograph. The transepicondylar axis served as a reference to adjust for radiographic magnification between preoperative and postoperative radiographs.
We calculated changes of joint-line level after primary TKA and after revision TKA in reference to its anatomic level before primary TKA.
To assess the transepicondylar axis width and joint-line level in normal knees, the plane AP knee radiographs of 45 consecutive patients (25 males, 20 females) with a mean age of 44.9 ± 17.8 years (range, 18-89 years) who were treated in our outpatient clinic for no knee disease other than meniscal lesions were included in this study. A ruler with two plumb marks at a distance of 10 cm to each other, which is in routine use in our Radiologic Department, was attached to the distal thigh of every patient. It served as reference for calculation of the radiographic magnification on every xray. Radiographs were taken with the patient in the supine position with the knee in full extension. The TEAW, the distance from the medial and lateral epicondyles to the joint line, and the length of the radiographic marker were measured twice by two independent observers (a staff orthopaedic knee surgeon [JR] and a first-year orthopaedic resident [OR]) with an interval of 2 to 3 weeks between measurements by each observer. The measurements were done manually on the radiographs with an ordinary ruler. Interobserver and intraobserver reliabilities were analyzed in a random three-way ANOVA with factors rater, repetition, and subject. We estimated variance components using restricted maximum likelihood. Interrater reliability is the ratio of variance components not depending on the rater to the sum of all variance components. A value of 1 denotes an ideal reliability and a value of 0 denotes the worst possible reliability.
For each patient, we analyzed the relationships between measurements and gender differences using the means of four measurements. The epicondylar width was defined as the distance connecting the upper edge of the medial epicondylar sulcus and the most prominent edge of the lateral epicondyle (Fig. 1 ). The joint line was defined as the tangent connecting the most distal points of the medial and lateral condyles. The medial joint-line level was defined as the perpendicular distance from the upper edge of the sulcus on the medial epicondyle to the joint-line tangent. The lateral joint-line level was defined as the perpendicular distance from the most prominent edge on the lateral epicondyle to the joint-line tangent.
We performed regression analysis to assess the relationship between joint-line level and epicondylar width. Gender differences were analyzed using the unpaired t-test. We performed stepwise regression analyses for the analysis of dependencies between the medial and lateral joint line and epicondylar width and of gender differences in these relationships. Regression equations with and without intercept were calculated and compared with each other.
Results
Joint-line position usually is altered substantially from the native position after primary and revision TKA. Compared with preoperative measurements, the joint line after primary TKA measured from the medial epicondyle shifted proximally in nine cases with a mean shift of 3.6 ± 2.4 mm and distally in 12 cases with a mean shift of 4.7 ± 1.8 mm. The joint line was at its anatomic position in one case. After revision TKA, the joint line measured from the medial epicondyle shifted proximally in 13 cases (mean, 6.1 ± 3.7 mm) and distally in seven cases (mean, 3.5 ± 2.4 mm) from its anatomic position before primary TKA. In two cases, the joint line was at its anatomic position.
Using the epicondyles as reference proved to be reproducible. The interobserver variability was 0.97 for the epicondylar width, 0.85 for the perpendicular distance from the medial epicondyle to the joint-line tangent, and 0.80 for the perpendicular distance from the lateral epicondyle to the joint-line tangent. The intraobserver variability was 0.98 for the epicondylar width, 0.92 for the perpendicular distance from the medial epicondyle to the joint-line tangent, and 0.86 for the perpendicular distance from the lateral epicondyle to the joint-line tangent. The measurements for adjustment of radiographic magnification showed an interrater variability of 0.82 and an intrarater variability of 0.76. The mean radiographic magnification was 9.2%, ranging from 4% to 14%. After specific adjustment for radiographic magnification for each case, the mean epicondylar width was 79.9 ± 6.5 mm (range, 66.0-94.7 mm), the mean perpendicular distance from the medial epicondyle to the joint-line tangent was 31.6 ± 2.5 mm (range, 26-37 mm), and the mean perpendicular distance from the lateral epicondyle to the joint-line tangent was 25.1 ± 2.7 mm (range, 21-32 mm). Regression analysis yielded a linear correlation (R 2 = 0.65) between the epicondylar width and the perpendicular distance from the medial epicondyle to the joint-line tangent (y = 0.395x + 0.661).
With an intercept of 0, the slope of the regression line (R 2 = 0.57) was 0.395 ( Fig. 2 ). If the coefficient is rounded up to 0.4, a difference of 1.0 mm to 1.7 mm exists to the regression line with intercept in the range of 65 mm to 95 mm of epicondylar width. Regression analysis also yielded a linear correlation (R 2 = 0.59) between the epicondylar width and the perpendicular distance from the lateral epicondyle to the joint-line tangent (y = 0.32x + 0.044). With an intercept of 0, the slope of the regression line (R 2 = 0.58) was 0.32 ( Fig. 3 ). If the coefficient is rounded down to 0.3, a difference of 1.7 mm to 2.3 mm exists to the regression line with an intercept in the range of 65 mm to 95 mm of epicondylar width.
Gender yielded statistically significant differences for the mean epicondylar width (p \ 0.0001), for the mean perpendicular distance from the medial epicondyle to the joint-line tangent (p = 0.003), and for the mean Stepwise regression analysis yielded no gender-specific differences of either the slopes or the intercepts (all F-to-Enter \ 0.4) of the regression lines.
Discussion
The review of the 22 cases of revision knee arthroplasties of which complete radiographic documentation before and after primary TKA and after revision TKA was available showed that the anatomic joint-line position referenced from the epicondyles most frequently is not restored after revision TKA. A proximalisation of the joint line is more frequent and more pronounced than a distalisation after revision TKA. As determined by measuring the distance from the medial epicondyle to the joint line, 60% (13 of 22) of the knees had an elevated joint line on average of 6.1 ± 3.7 mm after revision knee arthroplasty. The joint line already was altered slightly from its anatomic position after primary TKA in these patients (elevated in nine cases on average by 2.4 mm and lowered in 12 cases on average by 3.2 mm). Therefore, the radiographs of the primary TKA cannot be used as a reference for joint line positioning at revision TKA because the joint line established at primary TKA does not necessarily reflect the original position of the anatomic joint line. The resection level chosen at primary TKA may have depended on degenerative bone wear, deformity, and flexion contracture. Determination of the joint line at revision TKA also may become difficult as a result of distal femoral bone loss during extraction of the femoral component or after two-stage revision for infection. Therefore, we propose a radiologic method to reliably determine the joint-line position on radiographs after TKA before revision TKA if the original radiographs before primary TKA are not available or if the contralateral knee also has been replaced. The described method is based on the fact that we found a linear correlation between the epicondylar width and the perpendicular distance from the medial and lateral epicondyle of the joint-line tangent. This finding facilitates estimation of the joint level in revision knee arthroplasty, because regression analysis yielded a nongender-specific coefficient close to 0.4 (medial) and 0.3 (lateral), which needs to be multiplied with the TEAW to calculate the medial and lateral joint line, respectively. These measurements proved to be highly reliable and reproducible for preoperative planning on radiographs. This technique is applicable only to femurs in which the epicondyles can be accurately identified. One potential limitation of the measurements was that the radiographs were not taken with a device that would have held the knees in a consistent position. However, we were confident that all radiographs had been taken following the routine standard knee radiographic protocol for supine position of our institution. It consists of a support laterally to prevent external rotation of the lower extremity and upward position of the patella, which is checked by the xray technician.
Griffin et al. [2] used an MRI technique to quantify a correlation between the width of the epicondyles and the distance to the joint line. They found a nongender-specific Transepicondylar axis width (mm) Lateral joint line (mm) Fig. 3 Regression analysis of the distance between the upper edge of the lateral epicondylar prominence and the joint line (y = 0.3149x; R 2 = 0.5863). ratio between the TEAW and the perpendicular distance to the joint line of 0.36 for the medial side and of 0.31 for the lateral side, which corresponded well with our findings. However, their study was based only on MRI. The clinical feasibility and validity of the measurements were not analyzed using conventional radiographs, which would be the preferred imaging for planning revision knee arthroplasty. An additional disadvantage for the clinical application might be the fact that they used the sulcus of the medial epicondyle, which might be less accurate to determine in a clinical situation with arthritic deformed knees [8] .
The results of the current study may have an important clinical application, because the surgeon can easily evaluate the joint-line level on preoperative radiographs and can transfer that information to the intraoperative situation. However, it is not always easy to identify the medial or lateral epicondyle during surgery [7] . Other methods that rely solely on intraoperative determination of the joint-line level have shown severe potential error mechanisms. The flexion-extension gap balancing technique to restore the joint line [4] seems to be a valid method only if the surgeon is experienced. Laskin [5] reported on 45 revision cases in which he used the tip of the fibular styloid to the medial epicondylar sulcus and the inferior pole of the patella to determine the joint line on preoperative radiographs. However, as a consequence of patellar tendon fibrosis, patella baja often is encountered in failed TKA; therefore, it is impossible to use the patellar height as a reference [1] .
The technique we presented, which uses a ratio of TEAW (factor 0.4 for the medial epicondyle or 0.3 for the lateral epicondyle), is a highly reliable method to determine the joint line on plane AP radiographs before revision knee arthroplasty because a linear correlation exists. The calculated joint-line level may be helpful during revision knee arthroplasty for proper placement of the implants with designated instrumentation.
